Mg 2+ and Zn 2+ substituted manganese ferrite nanoparticles were synthesized by chemical coprecipitation route. The synthesized samples were characterized by powder X-ray diffraction which confirms the cubic spinel ferrite structure and the crystallite size is in nanoscale. High resolution transmission electron microscope and scanning electron microscope were used to examine the surface morphology. The elemental composition and purity of the sample were confirmed from energy dispersive X-ray spectroscopic analysis. The band gap energy determined from UV-Vis absorption spectra reveals the semiconducting behavior of both the samples. The optical parameters calculated from the UV-Vis absorption spectra show that MMF has better optical property compared to ZMF nanocrystallites. The magnetic parameters determined using vibrating sample magnetometer show low coercivity, low squareness ratio exhibiting superparamagnetic behavior of the Mg 2+ and Zn 2+ substituted manganese ferrite nanoparticles which are important for technological applications.
INTRODUCTION
Tremendous research work has been going on to synthesize applications oriented pure and mixed nanoferrites. These ferrites are an important group of metal oxide magnetic materials used in variety of applications, such as inductor cores, sensors, magnetic information storage, microwave devices, magnetic resonance imaging, cancer treatment, pollution control, catalysis, etc. [1, 2] . Progressive researches are carried out to prepare highly pure, good quality, technologically important ferrite nanoparticles. Spinel ferrites are excellent magnetic materials due to their versatile nature, high stability and reduced cost, greater electronic and magnetic performance over an extended range of frequencies [3] . The properties of nanoferrites are largely different from their bulk counterparts due to their quantum confinement and larger surface area.
For further improvement, ferrites can be doped with other divalent and trivalent metal ions. Mg0.5Zn0.5-XCuXFe2O4, Mn1-XZnXFe2O4, Mg1-XCoXFe2O4 are some of the commonly synthesized ferrites by various synthesis techniques, such as co-precipitation, combustion, hydrothermal, solgel, microemulsion and so on [4] [5] [6] [7] . Any synthesis method depends on various factors, such as concentration of dopant, pH, temperature, stirring velocity, etc., which have to be maintained as the preparation forms an important basis in determining the properties of the nanomaterials [8] . Chemical coprecipitation is one of the simplest, low temperature techniques yielding good quality nanopowders in large amount. In this method, an appropriate ratio of metal ions was taken, which are precipitated at desired pH and temperature. Mixed manganese ferrites are partially inverse spinel in structure as a result of which they are used practically compared to other ferrites. In order to achieve specific improved properties they are doped with other magnetic and nonmagnetic ions.
Magnesium and zinc are some appropriate divalent metal ions that can be doped with manganese ferrites, as it is expected to improve the behavior and shall be put to use for device fabrication [9, 10] .
In the present work, Mg 2+ and Zn 2+ substituted manganese nanoferrites (MMF and ZMF respectively) were synthesized by chemical co-precipitation technique. The as-synthesized samples have been characterized for their structural, morphological, optical and magnetic properties. The results are compared and discussed in detail.
MATERIALS AND METHODS

Synthesis
Mixed MMF and ZMF were synthesized by chemical co-precipitation technique using highly pure analytical reagents of sulphate salts of M 2+ (Mg 2+ , Zn 2+ ), Mn 2+ and Fe 3+ with sodium hydroxide (NaOH) as precipitant and deionized water as solvent. Aqueous solutions of M 2+ , Mn 2+ and Fe 3+ were taken in the stoichiometric ratio 0.5:0.5:2. This is stirred continuously for 30 minutes to form the starting solution with pH ~ 3. The starting solution is precipitated by dropwise addition of NaOH until the pH reaches 11. The formed precipitate is stirred continuously for 2 hours maintaining a temperature of 70 C to get a uniform phase of spinel ferrites. The obtained precipitate is washed repeatedly, filtered and dried at 150 C. This is further grinded to get MMF and ZMF nanopowders.
Characterization
The as-synthesized MMF and ZMF nanopowders were characterized to study the structure, morphology, optical and magnetic behavior. Structural analysis was made from powder X-ray diffraction (pXRD) studies obtained using XPERT -PRO diffractometer system with CuKα radiation of wavelength 1.5406 Å. The crystallite size, shape and morphology were analyzed using high resolution transmission electron microscope (HRTEM) (Model: JEOL/JEM 2100). Further, surface morphology was observed from the micrographs obtained from scanning electron microscope (SEM) (Model:JEOL/JSM 6390). To verify the elements present and to determine their composition, energy dispersive X-ray (EDAX) spectra was taken along with SEM. UV-Vis absorption spectrum in the wavelength range of 190 nm to 1100 nm was recorded using UV-Vis spectrophotometer, from which the band gap energy was determined. Using Lakeshore 7410 model vibrating sample magnetometer (VSM) the magnetic analysis at room temperature was made in the field range of -15000 to + 15000G.
RESULTS AND DISCUSSION
Structural and Morphological Analysis
The X-ray diffraction is an effective analysis to determine the structure of a material. The pXRD patterns of as-synthesized MMF and ZMF samples are shown in Fig. 1 . They exhibit strong widened peaks due to the reflections at the planes that agree with JCPDS 89-4924 of MgFe2O4 and JCPDS 89-1012 of ZnFe2O4 nanoparticles. No impurity peaks were observed. This confirms the cubic ferrite nanocrystalline structure of MMF and ZMF nanoparticles. The various lattice parameters from XRD data were calculated using the relations discussed elsewhere [11] . The values are given in Table 1 and Table 2 .
The lattice constant (a) of MMF is lesser than ZMF due to the fact that the ionic radius of Mg 2+ (0.66 Å) is smaller than Zn 2+ (0.74 Å). The X-ray density (x) of MMF is smaller than ZMF due to very low density of Mg 2+ (1.741 g/cm 3 ) compared to Zn 2+ (7.140 g/cm 3 ). The distance between the magnetic ions or the hopping lengths corresponding to the tetrahedral site (LA) is greater than the value of the octahedral site (LB) for both the samples as they depend purely on the lattice constant. Also the hopping lengths of MMF are lesser than the hopping lengths of ZMF nanocrystallites. The crystallite size (D) calculated using the Scherrer's relation shows that both MMF and ZMF are in nanoscale. The specific surface area (S) of both the samples is large, which leads to better mechanical properties. The dislocation density ( D ), a measure of dislocations in a unit volume of a crystalline material is large due to the smaller size of the MMF and ZMF nanoparticles. The microstrain (s) that is produced due to the defects and stress in the synthesized materials is high due to the large surface showing the nanosize of the particles. The values of surface area, dislocation density and microstrain of MMF nanoparticles are larger than those of ZMF nanoparticles as the values depend on the crystallite size. HRTEM is a direct observation of particle's appearance. Fig. 2 (a)-(b) shows HRTEM micrographs of MMF and ZMF, respectively. The morphology exhibits spherical profile of the two samples with some agglomerations due to the weak surface interaction, such as Van der Waals forces between the particles [12] . The average crystallite size (DT) of both the samples is about 5 nm ( Table 2 ). The diffraction rings observed from SAED pattern (see Fig. 2 (c)-(d) ) explain the crystalline nature of the materials. The d-spacing values determined from the diffraction rings are in good agreement with the d-spacing values determined through XRD and given in Table 2 . The materials clearly exhibit the cubic spinel structure as explained in XRD.
SEM micrographs of MMF and ZMF nanocrystallites are shown in Fig. 3(a)-(b) , respectively. The images reveal spherical morphology of both the samples. As seen in HRTEM, the particles are observed to be agglomerated in the SEM images. EDAX in the energy range from 0 to 20 keV (see Fig. 4(a)-(b) ) show the chemical composition of elements present in Mg 2+ and Zn 2+ substituted manganese nanoferrites. The elements manganese (Mn), magnesium (Mg), zinc (Zn), iron (Fe) and oxygen (O) present in each sample were observed with no impurity components confirming the desired formation of MMF and ZMF nanoparticles. The weight percentage of the elements is given as insets in Fig. 4(a) -(b).
Optical studies
In order to analyze the optical behavior of the synthesized materials, UV-Vis absorption studies have been carried out. UV-Vis absorption spectrum has been recorded in the wavelength range of 190-1100 nm for MMF and ZMF as shown in Fig. 5 . The absorptions observed at 392.55 nm for MMF and 383.85 nm for ZMF inform that the size of the particles are in nanoscale for both the samples, since absorptions in this range originate mainly from the absorption of UV radiation by magnetic nanoparticles [13] .
Band gap energy Eg (Table 3) was directly calculated using the Planck's relation:
where h is the Planck's constant, c is the velocity of light and  is the cutoff wavelength. The band gap energy of MMF is less than of ZMF due to the reduced crystallite size of MMF compared to ZMF. Also the values explain the semiconducting nature of the synthesized materials. To understand the optoelectronic behavior of a material, refractive index (n) acts as an essential parameter. Using band gap energy, the value of n can be determined using the relation given by Moss as suggested by Gupta and Ravindra [14] 
where k  108 eV is a constant. Also Anani et al. have suggested an empirical relation for refractive index of semiconducting solids [15] . The relation is:
The relations are found to give values in better agreement with known data of semiconducting materials [16] . It is observed that the refractive index increases with decrease in the band gap energy as expected. The optical dielectric constant, which is the square of refractive index (∞), increases as the band gap energy decreases. This is an opt result showing enhanced optical properties. 
Magnetic Studies
Magnetic property of nanoferrites depends on the particle's surface, cation distribution, spin order, synthesis method etc. [17] . In order to analyze the magnetic behavior of the synthesized materials, magnetic studies at room temperature were carried out using VSM. The obtained hysteresis curves of MMF and ZMF nanoparticles are shown in Fig. 6 . The curves exhibit the soft magnetic nature of both MMF and ZMF nanoparticles. Saturation magnetization Ms, coercivity Hc and retentivity Mr were obtained from the hysteresis curve and are given in Table 4 . The saturation magnetization varies due to the exchange interaction of the cations in tetrahedral (A) and octahedral (B) sites. Neel's theory insists that the effective magnetization is the difference in magnetization of the two sites with the B sublattice having a higher magnetization [18] . The saturation magnetization values are smaller than bulk ferrites (~ 80 emu/g) for both ZMF and MMF nanoparticles. The ZMF nanoparticles show very low value of coercivity, which indicates the excellent superparamagnetic behavior which is an important requirement for technological applications. The high value of coercivity of MMF might be due to the spin disorder that may occur on the surface and within the cores of the nanoparticles due to vacant sub-lattice disorder sites of Fe 3+ at the tetrahedral site [19] .
The small value of squareness ratio (Mr/Ms) (Table 4) indicates the presence of non-interacting single domain particles with cubic anisotropy in nanoferrites. The magnetic moment (MB) is calculated from the molecular weight (Mw) and the saturation magnetizationusing the relation:
The variation of the magnetic moment (see Table 4 ) is in correlation with magnetization as expected. The magnetic moment in ferrites might vary from the theoretical values, because the distribution of cations might vary when the crystallite is reduced to nanosize.
The magnetic analysis shows that the magnetic quantities are distinguishable for manganese ferrites when substituted by Mg 2+ and Zn 2+ divalent ions.
CONCLUSIONS
The mixed spinel structured MMF and ZMF nanoparticles were chemically synthesized successfully by coprecipitation technique. The pXRD studies confirm cubic spinel ferrite nanostructures and high purity of the syn-thesized samples. The HRTEM micrographs results are compared with XRD results, and they are in good agreement. The diffraction rings observed in SAED patterns further confirm the crystalline structure of MMF and ZMF nanoparticles. Spherical morphology of the synthesized samples was further confirmed from SEM images. The EDAX pattern of all the samples shows the presence of corresponding elements and their composition with no impurities exhibiting the purity of the obtained nanoferrites. The optical parameters calculated from the UV-Vis absorption spectra show that MMF has better optical property compared to ZMF nanocrystallites. The magnetic analysis of both the samples exhibits superparamagnetic behavior, and the low value of squareness ratio contributes to electromagnetic applications.
